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The image quality of temporal (mask mode) intravenous
digital subtraction angiography is directly dependent on
the shape of arterial time-concentration curves produced
by the intravenous injection of contrast medium. Curves
that are narrow and tall minimize motion artifact (mis-
registration) and maximize contrast enhancement (pre-
and postcontrast differences).
To determine the effects of rate and volume of injec-
tion of contrast medium on intravenous digital subtrac-
tion angiographic curves, ioxaglate (Hexabrix), a mono-
acidic ionic dimer, was injected into large mongrel dogs.
Since 1897 when Stewart (1) described the first arterial time-
concentration curve produced by injecting hypertonic saline
solution, physiologists and cardiologists have extensively
examined these curves (2-8). Area under the curve and
mean transit time were of interest to these specialists because
these variables could be related to cardiac output and central
blood volume (9). For temporal (mask mode) intravenous
digital subtraction angiography, the shape of the time-con-
centration curve produced by the intravenous injection of
contrast medium is central. Tall curves maximize the dif-
ference between mask and contrast images. Narrow curves
appear and disappear rapidly, minimizing the probability of
motion artifact (misregistration) between mask and contrast
images.
Intravenous digital subtraction angiography has evolved
using central venous catheters, large volumes of contrast
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Quantitative measurements of opacification were made
over time in the femoral arteries using a modified Gen-
eral Electric CT/T scanner. Peak opacification was di-
rectly proportional to the volume of contrast medium
injected. Curve width was not affected by increasing
volumeof injection. At rates belowa critical point, slower
injection rates produced progressivelyshorter and wider
arterial time-concentration curves. Above that critical
point, increasing the rate of injectiondid not affect either
curve width or curve peak.
medium (30 to 60 mllinjection) and high injection rates (15
to 30 mils). The distribution of contrast medium has been
examined in the past, but primarily over periods of minutes
or hours (10---13) and not seconds. Burbank et al. (14) in-
vestigated the first pass kinetics of contrast medium, that
is, the time when an intravenous digital subtraction angio-
graphic image is produced, and showed that increasing the
iodine content of contrast medium caused a proportionate
increase in peak opacification. In addition, the biologic vari-
ables that determine curve peak and width were defined by
Burbank (15). Curve peak is proportional to the milligram
quantity of contrast medium iodine injected and inversely
proportional to central blood volume. Curve width is pro-
portional to central blood volume and inversely proportional
to cardiac output. However, no prior study has systemati-
cally examined the effects of volume and rate of injection
of contrast medium on arterial time-concentration curves.
The goal of the present experiments was to determine the
effects of varying the volume and rate of injection of contrast
medium on time-concentration curve peak and width,
Methods
Experimental design. Five independent variables were
studied in two separate research designs referred to as the
"low rate" and the "volume-rate" experiments. In the vol-
ume-rate experiment, subject (dog) variability, injection se-
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Table 1. Volume-Rate Experimental Design (7 x 7 Greco-Latin square)
Subject Number"
2 3 4 5 6 7
Vol- Vol- Vol- Vol- Vol- Vol- Vol-
Injection ume Rate ume Rate ume Rate ume Rate ume Rate ume Rate ume Rate
Sequence (rnl) (rnl/s) (ml) (mils) (ml) (mils) (ml) (mIls) (ml) (mils) (ml) (mils) (m1) (mils)
I 20 12 12 10 16 18 8 14 14 16 10 6 18 8
2 12 18 16 14 8 16 14 6 10 8 18 12 20 10
3 16 16 8 6 14 8 10 12 18 10 20 18 12 14
4 8 8 14 12 10 10 18 18 20 14 12 16 16 6
5 14 10 10 8 18 14 20 16 12 6 16 8 8 12
6 10 14 18 16 20 6 12 8 16 12 8 10 14 18
7 18 6 20 8 12 12 16 10 8 18 14 14 10 16
"Each subject number representsa 70 minute experiment in one dog. During that session, seven injections
of contrast medium were made at intervals of 10 minutes and assigned an injection sequence number from 1
to 7.
quence . volume of injection ami rate of injection were stud-
ied. These variables were organized in a 7 x 7 Greco-Latin
square (16). Table 1 presents the experimental design with
the volume injected increasing from 8 to 20 ml and the rate
of injection increasing from 6 to 18 mlls. Seven dogs with
an average weight of 37 kg were the experimental subjects .
Theoretically scaling volume and rate of injection to a hu-
man subject weighing 70 kg, the volumes and rates ranged
from IS to 38 ml and 11 to 34 ml/s, respectively. The
analysis of variance, least squares model describing the
dependent variables assumes that each variable has a mean
value, a subject effect , an injection sequence effect , a vol-
ume of injection effect , a rate of injection effect and an
effect from random error .
In the low rate of injection experiment. subject (dog)
variability, injection sequence , rate of injection and residual
effects of sequential injection of contrast medium were stud-
ied. These variables were organized in a 6 x 6 extra period
Latin square (17). Table 2 presents the experimental design
with the volume of injection held constant at 14 ml (the
average volume in the volume-rate experiment) and the rate
of injection increasing from I to 10 mIls. Six dogs with an
average weight of 28 kg were the subjects. Theoretically
scaling the rate of injection to a 70 kg human subject , the
rates ranged from 2.5 to 25 mIls. The analysis of variance,
least squares model describing the dependent variables for
the low rate experiment assumes that each dependent vari-
able has a mean valve, a subject effect , an injection sequence
effect, a rate of injection effect, an effect of each injection
on the next injection and an effect from random error.
The dependent variables studied were the contrast me-
dium time-concentration curve peak and width. The ex-
perimental data were used directly to define the peak. The
downward sloping portion of the time-concentration curve,
however, is distorted by recirculation , making measurement
of curve width directly from the experimental data impos-
sible. Time-concentration curve fitting can generate an
idealized time-concentrat ion curve, that is, one without re-
circulation (Fig. 1). Consequently , curve width was derived
from gamma-variate curve fitting of each time-concentration
Table2. Low Rate Exper imental Design (6 x 7 extra period Latin square)
Subject Number"
2 3 4 5 6
Injection Volume Rate Volume Rate Volume Rate Volume Rate Volume Rate Volume Rate
Sequence (ml) (mils) (ml) (mils) (ml) (mils) (ml) (mils) (ml) (mils) (ml) (mils)
I 14 10 14 8 14 6 14 4 14 2 14 1
2 14 6 14 4 14 2 14 I 14 10 14 8
3 14 8 14 6 14 4 14 2 14 I 14 10
4 14 2 14 1 14 10 14 8 14 6 14 4
5 14 1 14 10 14 8 14 6 14 4 14 2
6 14 4 14 2 14 I 14 10 14 8 14 6
7 14 4 14 2 14 1 14 10 14 8 14 6
*Each subject number represents a 70 minute experiment in one dog. During that session, seven injections
of contrast medium were made at intervals of 10 minutes and assigned an injection sequence number from I
to 7.
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Figure 3. Trigonometry for measuring femoral artery diameter
(d) when only the angle beta ({3) and the length (d') can be observed
directly.
Figure 1. Cardiovascular variables from an idealized contrast me-
dium gamma-variate time-concentration curve: peak (maximal io-
dine concentration), width (the interval between inflection points),
mean transit time (MIT) (the time for half of the contrast medium
dose to pass the X-ray detectors) and area under the curve.
curve and was defined as the interval between the first and
second inflection points of the gamma-variate curve. The
raw data collection rate was 15 points/so Validation of the
curve-fitting technique for iodinated contrast medium has
been described (15).
X-ray technique. A noninvasive X-ray technique for in
vivo quantitative measurement of contrast medium time-
concentration curves was used (14). Briefly, the scanned
projection digital radiography system consisted of a General
Electric CT/T 8800 scanner modified to perform scanned
projection radiography. In these studies, the X-ray tube
emitted an 85 kVp beam at 1000 rnA, pulsed at 15 Hz, with
a pulse length of 3.3 ms. Each scan was 30 seconds in
length. Counts of attenuated and unattenuated photons were
digitized to 16 bit accuracy and transmitted to a Data General
Corporation eclipse S1200 computer. Images were analyzed
on a 320 X 320 pixel matrix video display. Resolution at
the subject level was 0.55 mm/pixel. The scans were per-
formed with the gantry and the table held stationary. Mea-
surements were recorded in time at 15 Hz over the femoral
arteries. Raw data were collected in opacification units.
Opacification units were converted to contrast medium io-
dine concentration (mg IImI) from the radiographic system
calibration data and from measuring the diameter of the
femoral arteries.
Validation of arterial diameter measurements.
Because conversion from opacification units to chemical
concentration units (mg IImI) is directly dependent on ar-
terial diameter measurement, a Plexiglas phantom with six
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Figure 2. A, Plexiglas phantom used to es-
timate diameter measurement error; phantom
was translated through the fan beam in the
direction of the arrow. B. Line scan of phan-
tom with anterior cylinders filled with saline
solution and posterior cylinders filled with
ioxaglate at 10 mg 11m!. CONTRAST =
contrast scanned with saline subtraction; LU-
CITE = Lucite scanned with saline subtrac-
tion; SALINE = saline solution scanned with
saline subtraction.
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Table 3. Diameter Phantom Data (contrast medium vessels all
contained ioxaglate at 10 mg IIml)
2 4 6 8 10 12
PHANTOM VESSEL DIAMETER (mm)
Figure 4. Phantom datashowing increasing underestimate of ves-
sel diameter with decreasing vessel diameter; the standard error
of the mean for each meanvalue is smaller than the open circles
in this figure.
injector were independently measured by quantitative ana-
lytic chemical methods. Rates of injection were validated
using a timing strip recorder and a pressure transducer to
determine the duration over which the power injector de-
livered each experimental volume at each rate setting. All
injector validation measurements were performed through
a 6F catheter, the same size catheter used for the experi-
mental injections.
Experimental procedure. The dogs were anesthetized
with pentobarbital, paralyzed with succinycholine and ven-
tilated. They were apneic for the 30 second duration of each
scan. loxaglate (Hexabrix) at a concentration of 320 mg II
ml was used for all injections. For the volume-rate exper-
iment, the injection site was the subclavian vein. For the
low rate experiment, contrast medium was injected into the
right atrium. Scans were performed with the table and gantry
held stationary, with line scan information collected over
time. The scan line was approximately 2.5 em below the
dog's inguinal ligament. At the beginning of each session,
a modified General Electric DF-3000 digital fluoroscope was
used to obtain a standard digital subtraction angiogram of
the femoral arteries and record the angle of the femoral
artery at the level of the scan (Fig. 3 angle {3). From the
relation of the femoral artery angle ({3) and the scan mag-
nification, the diameter of the femoral artery (Fig. 3, d) was
calculated from the line of opacification through the artery
(Fig. 3, d').
Results
Validation of experimental measurements.
Measurement of 10.1 and 12.4 mm phantom diameters
was underestimated by only 2%. As diameters decreased,
however, underestimation error increased (Table 3, Fig. 4).
Even though small cylinder diameter was underestimated,
the underestimate was consistent and predictable. At 2.41
mm, the radiographic estimate was 1.8 mm, a 25% under-
estimate; however, the standard error of the mean for seven
observations was only 0.01 mm. The average arterial di-
ameter observed radiographically over all contrast medium
injections corresponded with an underestimation error of
approximately 10%. Consequently, iodine concentration (mg
11m!) measurements were somewhat overestimated and car-
diac output measurements were proportionately underesti-
mated. Since the magnitude of error for these experiments
was low, the data are presented without adjustment.
The power injector volumes and rates of injection cor-
related very closely with measured volumes and rates (Fig.
5). The volumes and rates specified in the experimental
protocol were, therefore, delivered.
Quality of the experimental data. At the sampling rate
employed (15 Hz), the raw data time-concentration curves
were extremely smooth, defining peak iodine concentration
2.4
2.0
5.3
11.8
25.0
45.5
% Error
12.1 ± 0.01
9.9 ± 0.15
7.1 ± 0.10
4.5 ± 0.10
1.8 ± 0.10
0.6 ± 0.01
Radiographic
Measurement (mm)]
12.40
lO.lO
7.49
5.13
2.41
1.09
Micrometric Dowel
Measurement (mm)*
*Micrometric dowel measurements made to the nearest 0.001 mm;
therefore, rounded to the nearest 0.01, these measurements have essentially
no variability. t±SEM for n = 7; although cylinder diameter is under-
estimated, there is very little variability to the underestimate. The error,
therefore, represents a consistent bias with a small random error.
These data show that as vessel diameter becomes small, radiographic
diameter estimate error becomes very large.
pairs of holes varying from 1.1 to 12.4 mm in diameter was
investigated (Fig. 2). The phantom (along with a calibration
grid to correct for magnification) was translated through the
X-ray fan beam, and the cylinder diameter was measured
on the video display with a cross-hair cursor. The same
subtraction algorithm used to create the experimental images
from contrast medium passing through the femoral arteries
was used to create the phantom images. Arterial diameter
was measured by the same cross-hair cursor system.
Validation of volume and rate of injection. A power
injector (Medrad IV) was used to deliver the volumes and
the injection rates of the medium specified by both exper-
imental designs. Because both experiments are highly de-
pendent on the accurate delivery of the volume and rate of
the contrast medium with each injection, the power injector
performance was measured. Volumes delivered by the power
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Flgure S. Left. Validation of volume injected by power
injector . showing measured volume increasing as se-
leered volume increases (r =: 0.99. p s; 0.001, slope
-r- 1.02). Right. Validation of the rate of injection,
showing measured rate increasing as the selected rate
increases (r =: 0.99. p s 0.001. slope = 0.96) . The
standard error of the mean for each mean value is
smaller than the open circles in this figure.
of the contrast medium injected unambiguously in time and
magnitude (Fig. 6). The gamma-variate curve fitting of the
experimental data was very good, with a close correlation
between the raw data and the gamma-variate fit variables
and low root mean square error values (15).
Experimental effects. Volume-rate experiments. Peak
iodine concentration increased in direct proportion to the
volume of contrast medium injected (Fig. 7). Doubling the
volume of injected contrast medium caused peak iodine
concentration to double. Volume of injection. however, had
no effect on curve width (Fig. 8.) Table 4 presents the
analysis of variance for the curve peak. Volume of injection
was the most influential independent variable on curve peak.
Variation in the experimental subjects (dogs) was the next
most influential variable. At rates of injection between 6
and 18 mils, rate of injection did not significantly influence
Figure 6. A typical time-eoncentration curve recorded during these
experiments with the opacification index x 1,000 plotted as a
function of time. Raw data are discrete points and show the be-
ginning of recirculation. The gamma-variate curve fit of these raw
data is a continuous line that has no recirculation and returns to
the baseline.
curve peak. Table 5 presents the analysis of variance for
curve width, Subject variability alone influenced width; vol-
ume and rate of injection had no effect.
Low rate of injection experiments. Rate of injection
strongly influenced curve peak and width up to a cutoff
point. approximately 7 mils (Fig. 9 and 10). The cutoff
point will be referred to as the " distortion point" because
injections performed at a rate below this point distort the
shape of the time-concentration curves. creating curves that
are no longer determined by quantity of contrast medium
iodine injected. cardiac output and central blood volume.
At a volume of injection of 14 rnl, the distortion point
corresponds to a duration of injection (the time the injector
is on) of 2 seconds. With average curve widths of approx-
imately 4 seconds. the distortion point appears to be that
duration of injection which is approximately half the curve
width . Below the distortion point , lower rates of injection
produce time-concentration curves that are progressively
shorter and wider.
Table 6 presents the analysis of variance for curve peak
for the low rate experiment. At rates between I and to mils,
rate of injection was the variable that most influenced
2 4 6 8 10 12 14 16 18 20
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Figure 7. Volume-rate experimental data summarized by volume
of injection, showing a linear increase in peak iodine concentration
with increasing contrast medium volume (r = 0.98 . P :-;; 0.001,
::': SEM. n = 7 each mean).
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8 10 12 14 16 18 20
VOLUME INJECTED (ml)
Figure 8. Volume-rate experimental data summarized by volume
of injection showing no significant effec t of increasing volume
injected on time-opacification curve width (r = 0.25, ± SEM, n
= 7 each mean).
Discussion
Increasing the volume of injection of contrast medium
increases curve peak but does not affect curve width. It
has been previously demonstrated (14) that peak opacifi-
cation during intravenous digital subtraction angiography is
proportional to the concentration of the contrast medium
curve peak. Subject variability (primarily variability in car-
diac output and central blood volume) was the next most
influential variable . The other variables (injection sequence
and residual contrast medium effect) were not significant.
Table 7 presents the analysis of variance for curve width
for the low rate experiment. Rate of injection had the only
significant influence on curve width .
• LOW-RATE EXPERIMENT
o VOLUME -RATE EXPERIMENT
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Figure 9. Volume-rate (open circles) and low rate (solid circles)
experimental data adjusted for subject size and differences in site
of injection, showing a decrease in curve peak as the rate of
injection falls below the distortion point (injection duration ap-
proximately equal to half the curve width). Above the distortion
point, increasing the rate of injection has no effect on curve peak.
(:t SEM, n = 7 each mean.)
iodine injected . The current study demonstrates that peak
opacification during intravenous digital subtraction angi-
ography is also proportional to the volume of contrast me-
dium injected (Fig. 7). For subclavian vein injections, equal
degrees of opacification can beachieved by either increasing
the concentration of the injectate at a fixed volume or in-
creasing the volume at a fixed concentration (mg I = mg
lIml x ml). It is the milligram quantity of iodine injected
that is important. When data from the current experiments
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Table 4. Analysis of Variance for Curve Peak for the Volume-Rate Experimental Data
Source of Sum of Degrees of Mean
Variance Squares Freedom Square F
Total 910 6
Subject (dog) 135 6 22.6 8.7*
Injection sequence (period) 15 6 2.6 1.0
Volume 657 6 109.5 42.1*
Rate 40 6 6.6 2.5
Error 62 24 2.6
*p oS 0.001. The ratesof injection in this experiment fall along the " flat" portion of the curvein Figure 9.
Table 5. Analysis of Variance for Curve Width for the Volume-Rate Experimental Data
Source of
Variance
Sumof
Squares
Degrees of
Freedom
Mean
Square F
Total
Subject (dog)
Injection sequence (period)
Volume
Rate
Error
78
56
5
5
3
9
6
6
6
6
24
9.4
0.8
0.8
0.5
0.4
23.9*
2.0
2.0
1.2
*p oS 0.001.Therates of injection in thisexperiment fall alongthe " flat" portion of thecurve in Figure 10.
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Table 6. Analysis of Variance for Curve Peak for the Low Rate Experimental Data
Source of Sum of Degrees of Mean
Variance Squares Freedom Square F
Total 503.2 41
Subject (dog) 159.1 5 31.8 9.2*
Injection sequence (period) 12.6 6 2.1 0.6
Residual effect 2.3 5 0.5 0.1
Rate 259.9 5 52.0 15.0*
Error 69.3 20 3.5
*p :5 0.001. The lowest rates of injection in this experiment fall along the "rising" portion of the curve
in Figure 9.
Table 7. Analysis of Variance for Curve Width for the Low Rate Experimental Data
Source of Sum of Degreesof Mean
Variance Squares Freedom Square F
Total 1817.9 41
Subject (dog) 198.7 5 39.7 2.1
Injection sequence (period) 113.6 6 18.9 1.0
Residual effect 140.5 5 28.1 1.5
Rate 990.0 5 198.0 10.6*
Error 375.1 20 18.8
*p :5 0.001. The lowest rates of injection in this experiment fall along the "falling" portion of the curve
in Figure 10.
are combined with data from prior experiments (14) and
both sets of data are corrected for differences in subject
weight, time-concentration curve peak is proportional to
contrast medium load, mg IIkg (Fig. 11).
Burbank (15) demonstrated that time-concentration curve
peak is proportional to the quantity (mg I) of contrast me-
dium iodine injected and is inversely proportional to the
central blood volume (approximately the volume of blood
in the heart and lungs). Correcting for differences in subject
(dog) weight roughly corrects for differences in central blood
volume among the experimental subjects. With the variation
in central blood volume corrected, peak iodine concentration
18
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Figure 11. Volume-rate experimental data (open circles) and con-
centration experimental data (14) (open squares), showing a linear
increase in peak iodine concentration with increasing contrast me-
dium load (mg I/kg) produced by either greater volume or greater
concentration of contrast medium injected (r = 0.98, P s 0.001).
• LOW-RATE EXPERIMENT
o VOLUME-RATE EXPERIMENT
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Figure 10. Volume-rate (open circles) and low rate (solid circles)
experimental data adjusted for subject size and differences in site
of injection, showing a rapid increase in curve width as the rate
of injection falls below the distortion point (injection duration
approximately equal to half the curve width). Above the distortion
point, increasing the rate of injection has no effect on curve width.
(± SEM, n = 7 each mean.)
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is proportional to the quantity of iodine injected. These
findings suggest that subject size, along with estimates of
the status of the cardiovascular system, should be taken into
account when planning contrast medium dosages for intra-
venous digital subtraction angiography. Larger patients will
need more contrast medium to achieve a given level of
arterial opacification in an artery of given size; smaller pa-
tients will need less. Patients with congestive failure with
a large central blood volume will require more contrast
medium than size alone would predict.
Below a specific rate ofinjection (the distortion point),
rate of injection affects both curve peak and width; above
the distortion point, rate of injection has little or no
effect. The rate of injection strongly affects peak and width
of time-concentration curves when this rate is relatively
slow. It is proposed that when the duration of injection (the
time when the injector is on) is greater than approximately
half a curve width, referred to as the distortion point, dis-
torted time-concentration curves will be produced. In other
words, the height and width of a curve produced below the
distortion point will no longer be defined by the quantity of
contrast medium iodine injected (mg I) and the biologic
status of the subject (cardiac output and central blood vol-
ume) but will be additionally defined by the rate of injection.
Alternatively, when the rate of injection is above the dis-
tortion point, the rate of injection will have no effect on
curve peak or width.
Injection rates that are too rapid may produce sub-
optimal curves. One qualification, however, may be needed.
At very high injection rates in relatively peripheral sites (for
example, the subclavian vein), curve shape may be distorted
secondary to partial peripheral reflux of contrast medium
(for example , reflux up the jugular systems). Consequently,
the low data point in curve peak seen in Figure 9 at 18 mlls
may be real (not just random variation) and may be caused
by briefly overwhelming the flow capacity of the subclavian
vein, causing reflux of contrast medium away from the heart.
Very high injection rates in relatively peripheral sites may
produce suboptimal contrast medium time-concentration
curves. Once above the distortion point, increasing the in-
jection rate does not improve the shape of the time-con-
centration curve. High injection rates do not produce tall
narrow curves. Studying clinical material, Eskridge et al.
(18) demonstrated that high injection rates do not improve
the quality of intravenous digital subtraction angiographic
curves as rated by clinical observer.
We thank Rupert Miller, PhD from the Department of Statistics, Stanford
University, Stanford, California, for guidance before the experiments and
for rev-ewing the manuscript.
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